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IMAGE FOCUS MONITOR FOR
ALTERNATING PHASE SHIFT MASKS

BACKGROUND

Reliably determining the level of defocus in a printed
pattern 1s an important aspect ol photolithography. A com-
mon focus monitoring scheme employs a 90° phase shifting
transition on a mask. Such a 90° phase transition may be
produced by etching a region on a glass mask by a depth that
produces a relative phase difference of 90° for light trans-
mitted through the etched and un-etched mask regions. The
image intensity may be reduced at the 90° phase edge
relative to the clear glass regions of the mask. The location
of the mtensity minimum near the phase edge 1s known to
shift from one side of its nominal position to another as the
image focus 1s changed from negative to positive defocus. A
focus monitor may track the image plane location of a
printed line that straddles a 90° phase step on a mask.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1s a block diagram of a lithography system.

FIG. 2 1s a sectional view of an alternating phase shift
mask.

FIG. 3 15 a top view of a mask including a 90° effective
phase shift region.

FIGS. 4A—4D are top views of phase shifting regions
including sub-wavelength features.

FIG. § 1s a cross-sectional view of a phase shifting region
in FIGS. 4A-4D.

FIGS. 6A and 6B show the transmission and phase of
glass structures etched to a depth that corresponds to phase
steps of 180° vs. the feature size at the mask.

FIG. 7 shows a cross sectional view of one implementa-
tion of the phase shift mask focus monitor.

FIGS. 8A and 8B show the performance of the phase shift

mask focus monitor in FIG. 7 measured at the water plane.

DETAILED DESCRIPTION

FIG. 1 shows a photolithography system 100. Light from
an 1llumination source 103 1s transferred to a patterned mask
110, or reticle, by an illumination system 115. Light passes
through the mask and into the entrance pupil of an 1maging,
system 120. The resulting pattern 1s 1imaged onto a photo-
resist covered water 125 by a lens 130 in the imaging
system. The waler may be held in position by a vacuum hold
device (or chuck), the position of which may be controlled
by an X,Y,Z location controller or stepper motor.

In order to effectively transier the mask pattern to the
waler, the 1mage must be adequately focused on the surface
to be exposed. Focus 1s typically quantified as an offset error
in the location of the water (or, more particularly, the surface
to be exposed) in the Z-axis dimension relative to a perfectly
focused 1mage plane. This focus oflset (or “defocus™) may
have a positive or negative Z-axis displacement with respect
to the 1deal focal plane, along with a magnitude represen-
tative of the distance by which the surface 1s oflset from the
ideal focal plane (measured, for example, in micrometers).
Accurate adjustment of the water for proper focus may be
achieved by determining the direction of defocus (1.e., the
positive or negative Z-axis translation of the water), along
with an actual oflset displacement measurement.

A common focus monitoring scheme employs a 90° phase
shifting transition on a mask. Such a 90° phase transition
may be produced by etching a region on a glass mask by a
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depth that produces a relative phase difference of 90° for
light transmitted through the etched and unetched mask
regions. The image intensity may be reduced at the 90°
phase edge relative to the clear glass regions of the mask.
The location of the mtensity mimimum near the phase edge
1s known to shift from one side of 1ts nominal position to
another as the image focus i1s changed from negative to
positive defocus. A focus monitor may track the image plane
location of a printed line that straddles a 90° phase step on
a mask.

The mask 110 may be an alternating phase shiit mask
(alt-PSM), which includes a 90° phase shifting region for
focus monitoring. The 90° phase shifting region may be 1n
a frame region, e.g., over a waler scribe line, so as not to
interfere with the integrated circuit device regions on the
waler.

FIG. 2 shows an exemplary alt-PSM 200. In the alt-PSM,
alternating clear regions 205 and 210 may have diflerent step
heights which cause the light to be phase-shifted 180°. As a

consequence, the light diffracted into the nominally dark
area 215 from the clear area 205 to the left will interfere
destructively with the light difiracted from the rnight clear
area 210. This may improve 1mage contrast on the water.

The 90° phase shifting region may include sub-wave-
length structures, as shown in FIG. 3, to produce an effective
phase shift of 90° with features created using an etch depth
typically used 1n the primary (patterned) area of the mask to
produce a 180° phase shift. This may enable the sub-
wavelength structures for the effective 90° phase shift to be
produced in the same etching step used to produce the
primary (180°) alternating phase shiit mask features (1.e.,
steps). FIGS. 4A—4D show exemplary patterns 1n the 90°
phase shifting region. FIG. 35 1s a cross-sectional view of the
phase shifting region taken along the line X—X 1 FIGS.
4A-4D. The features in the 90° eflective phase shifting
region may have a depth corresponding to a 180° phase shift,
e.g., d=A/2(n-1), where d 1s the etch depth, A 1s the wave-
length of the incident light, and n 1s the refractive index of
the glass. The sub-wavelength features 400 may be signifi-
cantly smaller than the wavelength of the light used for the
lithographic exposure of the mask. The width of the features
(X,) and the spaces between features (x,) may be less than
about half of the wavelength of the incident light, 1.e.,
X, ~X,<~N/2.

The principle behind the efiective phase shifting efiect 1s
that deep sub-wavelength features may not be eflectively
sampled by the incident electromagnetic wave, and as a
result, their electromagnetic properties are ellectively their
spatially averaged properties. This may be represented by
the expression

Aréd etched

Q") = @Erch &

AF€Uphgseshiftedregion

where ¢ 1s the approximate eflective phase shiit, ¢_, , 1s the
typical phase shift for the etch depth, and

AFEUetched

AFre€lphaseshiftedregion

1s the ratio of the area of the etched regions in the phase
shifting region to the entire area of the phase shifting region
(also referred to here as the “duty cycle”). For instance, a
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sub-wavelength glass grating with a step height that corre-
sponds to a 180° phase shift and a 50% duty cycle, ellec-
tively responds to the electromagnetic wave as a region with
a 90° phase shiit. In general, the exact phase shift produced
in a region with sub-wavelength structures must be mea-
sured experimentally or calculated by numerically solving
Maxwell’s equations for the case of light propagating
through the mask. FIG. 6 A shows the transmission of a glass
grating (FIG. 4A or B) and of a glass checkerboard (FIG.
4D), each etched to a depth that corresponds to a phase shiit
of 180°, vs. the feature size at the mask. FIG. 6B shows the
calculated eflective phase shift produced by a glass grating
and a glass checkerboard etched to a depth that corresponds
to phase shift of 180° vs. the feature size at the mask. In the
case of the grating in FIG. 6B, the approximate formula for
the effective phase 1n the sub-wavelength feature regime 1s
relatively accurate. However, 1n the case of the checkerboard
in FI1G. 6B, the approximate formula 1s not very accurate and
the eflective phase must be determined by either a simula-
tion or an experiment.

The duty cycle of the grating may determine the effective
phase shift and may be adjusted 1f a different phase shiit 1s
desired. For example, a focus monitor may provide good
results with an eflective phase shift of 60° to 120° (xmx
180°), where m 1s an integer. The critical property of the
sub-wavelength features 1s lateral size and average height
corresponding to the effective phase shift. The lateral shape
and configuration of the structures may not be important as
long as their average height 1s approximately constant over
a wavelength. The lateral size of the structures, including
both the etched areas and the remaining unetched features,
may need to be smaller than about A/2 , where A 1s the
wavelength of the incident light. The performance of the
phase shifting region may be significantly improved 1f the
structures have lateral dimensions of roughly A/3 or smaller.
For 193-nm water exposures, the phase shift focus monitor
features may need to be 1n the sub-100 nm regime.

FIG. 7 shows a cross sectional view of one implementa-
tion of the phase shift mask focus monitor. The sub-wave-
length features 400 may be 1n a space region S1 adjacent to
an unshifted (0°) space region S0. FIGS. 8A and 8B show
the performance of the phase shiit focus monitor 1n FIG. 7
measured at the waler plane. The space difference S1-S0
varies approximately linearly with the exposure tool focus
for feature sizes x,, X, up to about 70 nm for 193-nm
exposures. For larger mask features x,, X, in the etched
region, up to ~100 nm 1n lateral dimension, the space
difference S1-S0 may still be a strong function of focus. In
this regime, S1-S0 S0 becomes nonlinear and highly sen-
sitive to the exposure dose. For mask feature sizes above
about A/2, or ~100 nm for 193-nm exposures, the monitor
structure loses the strong sensitivity to defocus.

By providing a focus monitor with an effective phase shift
of, e.g., 60° to 120° using features having the same etch
depth as the primary features in the mask, e.g., a 180° etch
depth, the focus monitor may be produced on the mask using
fewer processing steps and at lower cost than by producing
a focus monitor by etching the features to a depth corre-
sponding to a 60° to 120° phase shift.

As used herein, the term “light” refers to light used 1n
photolithography. The terms “light” and “photolithography™
in the specification need not be restricted to visible light, but
can also embrace other forms of radiation and lithography.

Although the focus monitor has been described 1n relation
to alt-PSMs, the focus monitor may be used with other mask
structures. For example, the mask may be a retlective mask
including thin film phase shifting features to shift the phase

10

15

20

25

30

35

40

45

50

55

60

65

4

of the mcident light. Such a mask may be used for, e.g.,
extreme ultraviolet lithography (EUVL).

A number of embodiments have been described. Never-
theless, 1t will be understood that various modifications may
be made without departing from the spirit and scope of the
invention. Accordingly, other embodiments are within the
scope of the following claims.

The mvention claimed 1s:

1. An apparatus comprising:

a mask including an etching area having primary features
with a nominal phase shift of 180°, and a focus monitor
including a region to produce an eflective phase shift
other than 180° to incident light having a wavelength,
the region including a plurality of sub-wavelength
features having a lateral dimension on the mask which
1s smaller than the wavelength of incident light and
which causes the effective phase shift other than 180°
to the incident light.

2. The apparatus of claim 1, wherein the lateral dimension
of mask features 1s less than about one half of the wave-
length of the incident light.

3. The apparatus of claim 1, wherein the wavelength of
the incident light 1s about 193 nm and the lateral feature
dimension 1s less than 100 nm.

4. The apparatus of claim 1, wherein the mask comprises
a transmissive material having a surface, and

wherein the plurality of features are recessed at a depth
from the surface.

5. The apparatus of claim 1, wherein the eflective phase
shift 1s 1n a range of from about 60° to 120° (xmx180°),
where m 1s an integer.

6. The apparatus of claim 1, wherein the effective phase
shift 1s about 90°.

7. The apparatus as 1n claim 1, wherein an amount of the
cllective phase shift other than 180° in the focus monitor
region 1s proportional to a ratio between the etched area and
the entire area of the phase shifted focus monitor region.

8. An apparatus comprising:

a mask including

a focus monitor including a region to produce an effective
phase shift to incident light having a wavelength, the
region including a plurality of features having a lateral
dimension on the mask smaller than the wavelength of
incident light wherein the mask has primary features
outside of the focus monitor, the primary {features
having a depth operative to cause a 180° phase shiit to
the incident light wherein the plurality of features in the
focus monitor have a depth approximately equal to the
depth of the primary features.

9. An apparatus comprising:

a mask including

a focus monitor including a region to produce an effective
phase shift to incident light having a wavelength, the
region ncluding a plurality of features having a lateral
dimension on the mask smaller than the wavelength of
incident light wherein the mask has primary features
outside of the focus monitor, the primary features
having a depth operative to cause a 180 phase shiit to
the incident light wherein the plurality of features have
a duty cycle of about 50%.

10. A method comprising:

ctching primary features into a surface of a phase shift
mask, the primary features being etched to a depth
operative to cause incident light to be phase shifted
about 180°; and

etching a plurahty of secondary {features in a focus
monitor region on the phase shift mask, the secondary
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features having a lateral dimension less than about half
a wavelength of the incident light and a depth approxi-
mately equal to the depth of the primary features
wherein the etching of the primary features and the
ctching of the plurality of features 1n the focus monitor
region are performed 1n the same etching step.

11. The method of claam 10, wherein the plurality of
teatures 1n the focus monitor region have a lateral dimension
and duty cycle operative to cause a phase shift in a range of
about 60° to 120° (xmx180°), where m 1s an i1nteger.

12. The method of claim 10, wherein the plurality of
teatures 1n the focus monitor region have a lateral dimension
and duty cycle operative to cause a phase shift of about 90°.

13. A phase shift mask comprising:

a plurality of primary features to cause incident light
having a wavelength to be phase shifted about 180°;
and

a Tocus monitor region including a plurality of secondary
sub-wavelength features, plurality of secondary sub-
wavelength features having a dimension on the mask
smaller than the wavelength of the incident light that
causes an eflective phase shift other than 180° to the
incident light.

14. The phase shift mask of claim 13, wherein the focus
monitor region 1s operative to produce an effective phase
shift of between about 60° and 120° (xmx180°), where m 1s
an integer.

15. The phase shift mask of claim 13, wherein the focus
monitor region 1s operative to produce an eflective phase
shift of about 90°.

16. The phase shiit mask of claim 13, wherein the lateral
dimension 1s less than about one half of the wavelength of
the 1incident light.
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17. The phase shift mask of claam 13, wherein the
wavelength of the incident light 1s about 193 nm and the
lateral dimension 1s less than 100 nm.

18. The phase shift mask of claim 13, wherein the mask
comprises a transmissive material having a surface, and

wherein the primary features are recessed in the surface
by a depth operative to cause the 180° phase shiit to the
incident light.

19. The phase shift mask as 1 claim 13, wheremn an
amount of said eflective phase shift other than 180° 1n the
focus monitor region 1s proportional to a duty cycle between
the etched area and the entire area of the phase shifted focus
monitor region.

20. A phase shift mask comprising;

a plurality of primary features to cause incident light
having a wavelength to be phase shifted about 180°;
and

a focus monitor region including a plurality of secondary
features having a dimension on the mask smaller than
the wavelength of the incident light, wherein the plu-
rality of secondary features in the focus momitor have
a depth approximately equal to the depth of the primary
features.

21. A phase shiit mask comprising;

a plurality of primary features to cause incident light
having a wavelength to be phase shifted about 180°;
and

a focus monitor region including a plurality of secondary
features having a dimension on the mask smaller than
the wavelength of the incident light, wherein the plu-
rality of features have a duty cycle of about 50%.

% o *H % x
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